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NOMENCLATURE

A = heat transfer area (𝑚𝑚2 or 𝑓𝑓𝑡𝑡 2 )
A = area per unit height (𝑚𝑚2 /𝑚𝑚)

x = desiccant salt concentration (wt. %)
𝐶𝐶𝑝𝑝 = specific heat (kJ/kg°K or Btu/lb°F)

h = specific enthalpy (kJ/kg or Btu/lb.)

ℎ𝐶𝐶 =heat transfer coefficient (kW/𝑚𝑚2 -C)
ℎ𝐷𝐷 =mass transfer coefficient (kg/𝑚𝑚2 )

LMTD = logarithmic mean temperature difference (°C or °F)
𝐿𝐿𝐿𝐿 = Lewis number of air

M, m = mass flow rate (kg/s or lb/min)
𝑚𝑚∗ = heat capacity ratio

NTU = number of transfer unit
q = heat transfer rate (kW)
r = evaporation enthalpy of water
T, t = temperature (°C or °F)
UA = overall heat transfer coefficient times area (kW/°C or Btu/°F-min)
w = humidity ratio of moist air (kg/kg d.a. or lb/lb d.a.)
Z = height of the device
ρ = density (kg/𝑚𝑚3 or lb. /𝑓𝑓𝑓𝑓 3 )
Subscripts
A, a = air, heat transfer between air and the heat transfer fluid
eff = assumed “effective” state that delivers the same outlet results
eq = equilibrium with the solution surface
in, i = inlet

x
m = moist air, mass transfer between air and solution
out, o = outlet
s = solution, heat transfer between solution and the heat transfer fluid
t = sensible heat transfer
V, v = vapor
W, w = water/heat transfer fluid

xi

ABSTRACT

Yang, Zhiyao. M.S.E., Purdue University, May 2015. Development of Simulation
Modules for Liquid Desiccant Systems in SorpSim. Major Professor: Ming Qu.

Liquid Desiccant Systems (LDS) have been an attractive alternative to the conventional
vapor-compression air conditioning technology in HVAC applications for their
thermally-driven nature and the expertise in dealing with large latent load in a more
energy-efficient way. Much effort has been made during the past decades to study the
performance of LDS and their components both experimentally and through modelling
approach. However, predicting the performance of LDS is still a skill-demanding task
because it involves model implementation, retrieval of fluid properties, solving procedure
setup, and preparation of a good set of initial guess value to model just one component. It
would take even more efforts to build and calculate an entire system cycle. The presently
popular modelling tools, such as Engineering Equation Solver (EES), ASPEN Plus are
not able to provide a convenient solution to modeling LDS systems. To meet the needs,
SorpSim has been developed for modeling absorption and LDS cycles. SorpSim inherited
and expanded a calculation engine from ABSIM, a well-recognized simulation program
for absorption systems, and it integrated the engine into a brand-new graphical user
interface application. Models of various LDS components have been implemented in
SorpSim. The calculation results of the component models match well with experimental

xii
data from published literature. With the liquid desiccant modules and the flexible cycle
configuration and parametric analysis capabilities, SorpSim provides a convenient and
reliable platform for users to build LDS cycle models as well as to carry out simulation
band preliminary design optimization. Equipped with the new liquid desiccant modules,
SorpSim has become a useful tool to facilitate the research and development of the liquid
desiccant technology.
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CHAPTER 1. INTRODUCTION

Air conditioning is used to control both the temperature (sensible load) and the humidity
(latent load) of the indoor environment. The conventional vapor compression cooling
systems achieve dehumidification by cooling the air below the dew point temperature for
condensation, and then reheat the cold and dry air for occupant comfort. Such
overcooling and reheating reduce the system efficiency, especially in warm and humid
climates, and add to the cost to users. As alternatives to the vapor compression systems,
liquid desiccant cooling systems have been developed to dry and cool air that has a large
latent load using a more energy-efficient approach. Taking advantage of the high affinity
for water of desiccant solutions, liquid desiccant systems can dehumidify air without
cooling it to the dew point temperature. Moreover, liquid desiccant systems can be driven
by low grade heat such as solar heat and waste heat, thus they can significantly alleviate
the stress on power grid during peak hours. Liquid desiccant technology has been the
subject of interest for researchers for decades, and there has been a significant increase in
both research and development in recent years due to the growing demand of well
controlled indoor environment and the trend of switching to renewable energy sources.
However, most of the existing approaches to predicting performance of liquid desiccant
components and systems require good knowledge in both liquid desiccant system itself as
well as programming for calculation to acquire the results. Thus a reliable and easy to
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use modelling tool with handy analysis functionalities is highly needed to facilitate the
advancement of liquid desiccant technologies. This study aims to develop a simulation
program that enables users to conveniently configure liquid desiccant system cycles, to
carry out calculation, and to conduct parametric analysis. The SorpSim software, as the
result of this study, has been developed based on a powerful calculation engine with a
multi-functional, user-friendly graphical interface. Several models for liquid desiccant
components have been implemented in SorpSim, and simulations have been carried out
for liquid desiccant components and cycle systems to verify the accuracy of SorpSim
calculation, as well as to demonstrate the interface and functions of the software. The
new liquid desiccant modules make SorpSim into a useful tool to facilitate the research
and development of the liquid desiccant technology.

1.1

Background

In this section the background information of liquid desiccant systems (LDS), modelling
tools for the LDS and the SorpSim software are briefly introduced.

1.1.1

Liquid desiccant systems (LDS)

A liquid desiccant system removes moisture from air using the strong attraction for water
vapor of desiccant solutions such as lithium chloride and lithium bromide. Since moisture
is always driven from the high vapor pressure side to the low vapor pressure side, the
direction of moisture removal or water evaporation can be manipulated by changing the
equilibrium vapor pressure above the surface of the desiccant solution, through which
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dehumidification of air or regeneration of desiccant solution can be achieved. The two
key components in a LDS are the dehumidifier and the regenerator, and there are two
types for each of them: adiabatic and internally cooled/heated. The LDS shown in Figure
1 is using adiabatic dehumidifier and regenerator.

Figure 1 a LDS using adiabatic components [1]
In the adiabatic dehumidifier, the processed air directly contacts with cool and strong
desiccant solution and gets dehumidified, meanwhile the solution becomes warm and
dilute. The solution then enters the regenerator and directly contacts with scavenging air,
and water content evaporates from the solution into the air. After the regenerator, the
solution becomes strong enough for dehumidification again, thus a cycle can be repeated.
Usually the solution will go through a cooler before being sprayed into the dehumidifier
to compensate the condensation heat, and a heater before regenerator to provide the
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evaporation heat. An interchange heat exchanger is also commonly used to recover heat
between the streams that connect the dehumidifier and the regenerator.
Figure 2 shows the typical configuration of LDS using internally cooled/heated
components. In internally cooled dehumidifiers, cooling water circulating inside of the
plates compensates the condensation heat generated during the mass transfer between air
and solution. The configuration using plate or coil exchanger is often used instead of
packed columns or packed bed in the adiabatic counterpart. The same configuration and
principle are applied for internally heated regenerator. In such systems, external heaters
or coolers are not needed for controlling the solution temperature, but an interchange heat
exchanger is used to recover heat between streams.

Figure 2 configuration of a LDS using internally cooled/heated components[1]
Figure 3 demonstrates an example LDS cycle using LiCl-water as the desiccant solution
on psychometric chart. The relationship between the equilibrium vapor pressure on
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solution surface and the air vapor pressure is illustrated on the chart with concentration
lines of the solution following relative humidity lines of the air. For example, for solution
of 40% at 30°C, the equilibrium vapor pressure is the same as moist air at 20% relative
humidity and at the same temperature. The example cycle runs between 40% and 35%
concentration, and state points of the cycle are correspondingly marked on Figure 1.

Figure 3 Typical LDS cycle demonstrated on psychometric chart
At state 1, which is the dehumidifier solution inlet, the desiccant is cool and strong. After
absorbing water from air and condensation heat, the desiccant solution leaving the
dehumidifier at state 2 has lower concentration and higher temperature. Then the solution
flows through the internal heat exchanger and the heater to be heated to a higher
temperature. At state 3 the solution is dilute but hot before it is sprayed into the
regenerator. During regeneration the solution loses water and becomes cooler. It leaves
the regenerator at state 4 with lower temperature and higher concentration. Then the
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solution flows through the internal heat exchanger and is further cooled in the cooler
before it reaches the inlet of the dehumidifier with high concentration and low
temperature ready to dry air again.
Conventional vapor compression systems usually deal with latent load by cooling the air
to its dew point temperature to achieve condensation. The typically cooling water
temperature is below 5°C in order to reduce the moisture content in air below 0.006kg/kg
dry air (same as 20°C and 40% relative humidity) before reheating the air to the supply
temperature. In contrast, the LDS only require cooling temperature of 15-20°C, which
can be easily provided using cooling towers. The regeneration temperature is around
60°C-80°C, which can also be provided with water heated using solar collector or plant
waste heat. Thus when dealing with large latent load, the LDS can be more energy
efficient and more flexible with cooling and heating from renewable energy sources.

1.1.2

Modelling tools for LDS

During the past decades, much effort has been made by researchers for performance
prediction of the liquid desiccant components and systems. Although different models
were developed and validated against experimental data for both adiabatic and internally
cooled/heated components in LDS, most of the modelling researches carried out
involving a considerable amount of programming and complex configuration of cases.
These models were typically programmed in C or FORTRAN, or implemented in
equation solving software such as EES. Users would need to program all governing
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equations, constraints, iterative process, and in some cases the solving procedure, in order
to run the simulation.
Apart from the case-specific programming approach for performance prediction of LDS,
models based on existing simulation tools have been developed as well. ASPEN Plus is a
steady-state modeling software package that is widely used by the chemical industry for
process simulation. It provides the flexibility for various cycle configurations and
different working fluids. It is used in some cases for desiccant system simulation during
the past decade. However, ASPEN Plus doesn’t directly provide models for many
essential components in desiccant system such as regenerator. Users, therefore, would
have to add and define several simple components to form a macro that can function as
one component in desiccant system. The ABsorption SIMulation software (ABSIM) was
initiated and developed for simulation of absorption systems by the Oak Ridge National
Laboratory[2]. ABSIM’s interface needs to be updated to be more user-friendly,
especially for configuring large cycle systems, and the lack of parametric analysis
functions limits ABSIM’s capabilities to be used for comprehensive study of cycle
systems.

1.1.3

The SorpSim software

In order to develop reliable and easy-to-use software for simulation of various sorption
systems to meet the need, the Oak Ridge National Laboratory (ORNL) and the author’s
research team at Purdue collaborated to create the Sorption system Simulation program
(SorpSim). This thesis research was carried out as part of SorpSim’s development project.
SorpSim has inherited the working fluid properties, the governing equations of standard

8
absorption components, and the solver package from ABSIM, as well as the capability
for investigation of various cycle configurations of absorption systems. Developed using
Qt/C++ framework, SorpSim has a newly designed Graphical User Interface (GUI)
application that is compatible with multiple operating systems. SorpSim’s GUI makes it
convenient and interactive to configure system cycles, to set parameter using master
control panel, to debug unsuccessful cases, and to carry out analysis using parametric
tables and property charts. The SorpSim software has been developed into a powerful
simulation platform for absorption systems, and its modular program structure makes it
open for additional component subroutines and working fluid property database.

1.2

Objectives

The general objective of this research is to develop modelling modules for liquid
desiccant components and systems, and implement them into SorpSim, so that it can be
used with accuracy and convenience as a platform for performance prediction and
analysis of various liquid desiccant systems. To achieve this goal, the research is
extended to the following four objectives:
•

Carry out extensive literature review on existing modelling and experimental research
about different types of liquid desiccant components;

•

Formulate models to describe heat and mass transfer process in different liquid
desiccant components;

•

Understand SorpSim’s program structure and data structure, and implement the liquid
desiccant component models into SorpSim as new modelling modules.
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•

Validate the new modules for liquid desiccant systems with published experimental
data, and conduct case studies of liquid desiccant systems.

1.3

Chapter overview

In Chapter 2, the background information along with a state-of-the-art literature review
on both experimental and modelling research on liquid desiccant system components are
presented. The components are divided into two types: adiabatic and internally
cooled/heated, and for each type detailed configurations are illustrated with schematic
diagrams, and summaries of existing experimental and modelling researches are listed.
Chapter 3 presents the insight of the SorpSim software. The structure of the software is
illustrated with the integration of GUI and calculation engine explained. The data
structure and database implemented for the software are illustrated as well.
In Chapter 4, the development of the modelling modules for liquid desiccant system
components in SorpSim is presented. Correlations that are implemented into the working
fluid property library are described, followed by the descriptions of heat and mass
transfer models for both adiabatic components and internally-cooled/heated components.
A recommended method to acquire NTU number, a key parameter in calculation in the
models, is introduced. The implementation of these modules into the SorpSim software is
then explained.
Chapter 5 compares the modelling results from the liquid desiccant modules in SorpSim
with published experimental data. For the two types of components, calculation is carried
out inside SorpSim using the input values from existing experimental measurements, and
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the outputs of the software are compared with corresponding experimental measurements
to verify the calculation accuracy.
In Chapter 6, a case study of modelling a liquid desiccant cycle using SorpSim is
presented to demonstrate the modelling procedure and analysis capability of SorpSim.
In Chapter 7, the main conclusions of this research are summarized, along with suggested
improvements and recommendations for future work.
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CHAPTER 2. LITERATURE REVIEW ON LIQUID DESICCANT COMPONENTS

Research and development on liquid desiccant air-conditioning systems have been
extensive during the past decades as alternatives to the conventional vapor compression
systems for an effective control of the air humidity using low grade heat. Dehumidifier
and regenerator are the two key components in liquid desiccant air-conditioning systems
that are designed for heat and mass transfer between desiccant solution and air. In the
dehumidifier, moist air is blown across streams of strong and cool desiccant solution and
becomes dehumidified, while in the regenerator, dilute and heated desiccant solution
directly contacts with scavenging air to release water content and become concentrated
and ready for dehumidification again. There are two types of components used as
dehumidifiers and regenerators for solution and air to contact in liquid desiccant systems:
adiabatic components and internally cooled/heated component. Each of these two types
has been developed and studied by various researchers, and this chapter will review the
existing experimental and modelling researches on these two types of liquid desiccant
system components.
2.1

Adiabatic components

Dehumidifiers and regenerators using packed bed, spray tower, and falling film
column/plate have been widely applied because they provide large contact surface areas
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where heat and mass transfer occur simultaneously and adiabatically, with simple
structures and low cost.
2.1.1

Configuration of the adiabatic components

Figure 4 Schematic of an adiabatic dehumidifier component[3]
Figure 4 shows the schematic of a counter-flow adiabatic dehumidifier in operation[3].
After being cooled by the cooling water in the heat exchanger on the right, strong
solution reaches the top of the dehumidifier and is sprayed onto the packing. A stream of
air is blown into the dehumidifier from the bottom, and it contacts directly with the strong
solution on the surface of the packing. Due to the high affinity to water of the strong
solution, moisture in air is condensed and transferred across the interface of solution and
air into the solution. The solution thus becomes weak and warm at the bottom due to the
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condensation heat released during the process. The air, on the other hand, becomes dry
and cool when it leaves the dehumidifier from the top.
An adiabatic regenerator has a similar configuration. Usually dilute desiccant solution is
heated before it enters the regenerator at the top, and then it is sprayed onto the packing
surface. Air is blown from the bottom (counter-flow) or side (cross-flow) to contact with
the desiccant solution. Since the solution is hot and weak, the vapor pressure at its surface
is higher than that in the air, and water content evaporates into the air. The solution loses
water and heat through evaporation, and becomes dense and cooler, while the air leaving
the regenerator becomes humid and warm.

2.1.2

Existing experimental investigation

Various researchers have conducted experimental investigations on the adiabatic liquid
desiccant components. Lof et al [4] investigated an air-to-solution contactor that was used
as a regenerator of desiccant solution by blowing solar-heated hot air stream across the
surface of the LiCl-water solution. Patnaik et al [3] conducted research on a liquid
desiccant system using adiabatic components as both the dehumidifier and the
regenerator. The strong LiBr-water solution entering dehumidifier is pre-cooled by
cooling water from a cooling tower, while solution entering regenerator is pre-heated
using hot water from solar collector. Fumo and Goswami [5] conducted a series of
experimental studies on an adiabatic component, which was used as both dehumidifier
and regenerator in different scenarios. LiCl-water solution, either strong and cool or
dilute and heated, was sprayed onto the packing inside the component to contact with air.
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Gommed et al [6] built up a liquid desiccant system cycle with both the dehumidifier and
the regenerator using packed-bed adiabatic components. A series of measurements were
taken for both air and LiCl-water solution entering and leaving the components. Yin et al
[7] and Liu et al [8, 9] have conducted experimental studies on packed-bed adiabatic
components in both counter-flow and cross-flow configurations as well.
Table 1 and Table 2 show the summaries of experiments published for adiabatic
dehumidifiers and regenerators. The schematics of experimental settings, flow
arrangements, and desiccant solutions are listed in the tables.
Table 1 Summary of experiments for adiabatic dehumidifiers
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Table 2 Summary of experiments for adiabatic regenerators

Table 3 lists the summary of experimental investigations on adiabatic components in
liquid desiccant systems.
Table 3 Experimental investigation on adiabatic dehumidifier/regenerator
Literature

Flow Pattern

Desiccant

Component type

Patnaik et al [3]

Counter-flow

LiBr

Dehumidifier/regenerator

Fumo and Goswami[5]

Counter-flow

LiCl

Dehumidifier/regenerator

Gommed et al [6]

Counter-flow

LiCl

Dehumidifier/regenerator

Lof et al [4]

Counter-flow

LiCl

Regenerator

Yin et al [7]

Counter-flow

LiCl

Dehumidifier/regenerator

Liu et al [9]

Cross-flow

LiBr

Dehumidifier

Liu et al [8]

Cross-flow

LiBr

Regenerator

16
2.1.3

Modelling investigation

During the past decades, much effort has been put forward by researchers for
performance prediction of the adiabatic dehumidifier and regenerator under different
operating conditions, and various numerical models have been developed using
effectiveness method, finite difference method, and simplified correlations.
2.1.3.1 Effectiveness-NTU model
The effectiveness models are established to simulate the heat and mass transfer process in
analogy to the effectiveness-NTU method that is often used in analysis of sensible heat
exchangers. Stevens et al. 1989 [10] presented an effectiveness model for a counter-flow
packed bed dehumidifier. The model integrated finite difference equations of the
component with assumptions including Lewis number equals to one, the water loss term
in solution enthalpy is neglected, and the saturation enthalpy of air at solution surface
changes linearly with solution temperature. The model was used to calculate air and
solution outlet status parameters from their inlet conditions, and the results agree with
those of the finite difference model using the same NTU number. When compared with
experimental data, the results also yielded reasonable agreement. In 2004, P.
Gandhidasan [11] proposed a simplified model for air dehumidification by using two
dimensionless parameters—vapor pressure and temperature difference ratios—to account
for air moisture removal effectiveness and air temperature change effectiveness
respectively. The model results were compared with experimental data in literature,
which displayed good agreement. The effects of the cooling water inlet temperature and
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heat exchanger effectiveness on the dehumidification performance are studied using the
model.

2.1.3.2 Finite difference model
Models using finite difference method to simulate the heat and mass transfer process are
based on fundamental heat and mass transfer equations, and use a step-wise calculation
throughout the whole dimension of the device. In 1980, Factor and Grossman [12]
proposed a finite difference model to predict the performance of a counter-flow packed
column dehumidifier. In the model, the dehumidifier is divided along the height into n
elements, for each of which energy and mass conservation equations and heat and mass
transfer correlations are applied. To begin the iterative calculation, all status parameters
at one end of the device must be either given or presumed. At the end of each round of
iteration that proceeds through all the elements, calculation results are compared with
values of fixed inputs, and adjustments of the presumed parameters are made towards
convergence. Gandhidasan et al [13] investigated the effect of the height of the packing
on various operating parameters using a similar model. Oberg and Goswami [14]
developed a similar finite difference model, which compared well with the experimental
results. Jain et al [15] utilized a finite difference model to predict the performance of a
falling film tubular dehumidifier and a falling film plate regenerator. The model outputs
were compared with experimental results, and a concern about inefficient wetting of
packing surface was raised at the end of the investigation. Fumo and Goswami [5]
improved Oberg and Goswami’s model by taking into account the insufficient wetting of
the packing surface, and compared the model output with experimental data for both
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dehumidifier and regenerator. Liu et al [16] compared the effect of flow patterns, namely
parallel-flow and counter-flow, on the regeneration performance using a finite difference
model. Liu et al [17] proposed a model for the heat and mass transfer process in a
dehumidifier or a regenerator with cross-flow configuration. In Liu’s model for the crossflow configuration, the flow directions of air and desiccant solution are no longer on the
same line, thus calculation procedure of two dimensional conservation and transfer
equations are developed.
Haim et al [18] divided a packed bed dehumidifier into several element components
along its height, and developed models by applying the conservation and transfer
equations to each element. Such implementation avoided the complexity of developing
and solving differential equations by averaging temperature and concentrations over the
length. However, the number of element components required for simulation of the
complete device is case-dependent, and trial-and-error method has to be applied to
determine such number for each operating condition. Haim used a similar model for a
regenerating solar panel in this investigation, and the model was utilized to compare
performances of direct and indirect solar regeneration of desiccant solution. Hellmann
and Grossman [19] developed models for air-solution-contactors in a similar fashion for
performance prediction of an open-cycle dehumidifier-evaporator-regenerator (DER)
absorption chiller.
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2.1.3.3 Simplified model
Both effectiveness model and finite difference model require iterative computation, thus
efforts have been put forward to generate simpler correlation for calculation by obtaining
algebraic expression of the dehumidification or regeneration performance from existing
data or analytical solutions of differential equations. Chung [20] developed a correlation
of column efficiency for dehumidification process using aqueous LiCl and triethylene
glycol (TEG) as the desiccant. Martin and Goswami [21] presented closed-form
performance correlations for the effectiveness of heat and mass transfer processes in a
packed bed device. Liu et al [22] fitted some empirical correlations of cross-flow and
counter-flow dehumidifiers and used them to predict the enthalpy of exiting air and
humidity effectiveness. Ren et al [23] derived an analytical solution from one
dimensional differential model by assuming the equilibrium humidity ratio at solution
surface is only related with the change of solution temperature.
Table 4 shows a summary of modelling investigations for adiabatic liquid desiccant
components.

Table 4 Numerical models for adiabatic dehumidifier/regenerator
Model Type

Flow Pattern

Desiccant

Operating mode and desiccant

Literature

Effectiveness

Counter-flow

LiCl

Dehumidification

Stevens et al [10]

model

Counter-flow

LiCl

Dehumidification

Gandhidasan [11]

Counter-flow

LiBr

Dehumidification/regeneration

Factor and Grossman [12]

Counter-flow

CaCl2

Dehumidification

Gandhidasan et al [13]

Counter-flow

Triethylene

Dehumidification

Oberg and Goswami [14]

Finite
difference
model
Glycol (TEG)
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Table 4 continued
Model Type

Flow Pattern

Desiccant

Finite

Counter-flow

LiBr

Dehumidification/regeneration

Jain et al [15]

difference

Counter-flow

LiCl

Dehumidification/regeneration

Fumo and Goswami [5]

Counter-/Co-flow

LiBr

Regeneration

Liu et al [16]

Cross-flow

LiBr

Dehumidification

Liu et al [17]

Simplified

Counter-flow

LiCl & TEG

Dehumidification

Chung [20]

model

Counter-flow

LiCl & TEG

Dehumidification/regeneration

Martin and Goswami [21]

Cross-/Counter-

LiBr

Dehumidification

Liu et al [22]

LiBr, LiCl,

Dehumidification/regeneration

Ren et al [23]

model

Mode and desiccant

Literature

flow
Counter-flow

CaCl2
Counter-flow

LiCl

Regeneration

Haim et al [18]

Counter-flow

LiCl

Dehumidification/regeneration

Hellmann et al [19]

2.2

Internally cooled/heated components

Dehumidifiers and regenerators based on plate or coil heat exchanger have been the
subject of interest for many researchers during the past decade, for such devices are able
to cool or heat the solution while it is transferring heat and moisture with the air. Since
the equilibrium vapor pressure at solution surface increases roughly exponentially with
the temperature of the desiccant solution[1], cooling or heating the component internally
maintains the solution’s affinity to moisture in the air across the component, and thus
requires

a

much

less

mass

dehumidification/regeneration rate.

flow

rate

of

solution

to

achieve

the

same

21
2.2.1

Configurations of the cooled/heated components

Figure 5 Schematic of an internally cooled dehumidifier [24]
Figure 5 shows the schematic of a counter-flow plate-heat-exchanger dehumidifier that is
cooled internally. While the desiccant solution and air flow patterns are the same as the
adiabatic counterparts, a stream of cooling water is introduced into the component to
provide simultaneous cooling. The stream of strong solution is trickled along the outside
of the plate heat exchanger from the top, and the air is blown up from the bottom in
contact with the solution. Meanwhile the cooling water flows inside the plate heat
exchanger, taking away the condensation heat to keep the solution temperature low.
An internally heated regenerator works in a similar way. Dilute solution enters the
regenerator from the top before it is distributed onto the surface of the heat exchanger.
The air is blown across from the bottom (counter-flow) or side (cross-flow) to contact
with the solution. While the solution loses water and heat to the air, a stream of heating
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fluid flowing inside the heat exchanger compensates the heat loss of solution due to
evaporation, and it keeps the solution at a high temperature for maximum regeneration.

2.2.2

Existing experimental investigation

Various researchers have conducted experimental investigations on the internally
cooled/heated liquid desiccant components. Kessling et al [25] investigated a parallel
plate exchanger where water circulated in cross counter current to an upward air flow and
a downward solution flow in 1997. LiCl-water was used as the desiccant solution, and the
results of a series of experiments were presented. Jain et al [15] studied a dehumidifier
using falling tube configuration, where air and solution flew top-to-bottom in parallel,
and water circulated from bottom to top in counter-flow. The experiment was carried out
with LiBr-water as the desiccant solution. In this study Jain also mentioned the concern
about incomplete wetting of the exchanger surface when the solution mass flow rate is
small, and its impact on the component performance was discussed as well. The
schematics of Kessling’s and Jain’s experimental settings are shown in Table 5.
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Table 5 Summary of Kessling’s and Jain’s experiments

Lowenstein [26] described a wicking-fin evaporator with desiccant flooding from top and
air blown in cross flow. The solution is cooled by refrigerant circulating in a vapor
compression cycle. Zhang et al [27] built a test bed for an internally cooled dehumidifier
with cross-flow arrangement. The experiment was carried out using LiBr-water, and
results under typical conditions were presented. Lowenstein’s and Zhang’s experimental
settings are shown in Table 6.
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Table 6 Summary of Lowenstein’s and Zhang’s experimental settings

Yin

et

al

[28]

investigated

a

new

type

of

internally

cooled/heated

dehumidifier/regenerator based on the plate-fin heat exchanger (PFHE). In this study the
effects of cooling water temperature and air flow rate were presented, and the internally
cooled component was compared with an adiabatic counterpart to demonstrate the
difference. Bansal et al [29] investigated a cross-flow internally cooled dehumidifier
based on a pad tower with cooling coil inside. Experiments were carried out with CaCl2,
and results were presented in tabular form. A summary of Yin’s and Bansal’s
experimental settings is shown in table 7.
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Table 7 Summary of Yin’s and Bansal’s experiments

Table 8 experimental investigations for internally cooled/heated components
Flow
Literature

Desiccant

Component type

Pattern
Kessling [25]

Counter-flow

LiCl

Dehumidifier

Jain [15]

Parallel-flow

LiBr

Dehumidifier

Lowenstein [26]

Counter-flow

-

Dehumidifier/Regenerator

Yin [28]

Counter-flow

LiCl

Dehumidifier/regenerator

Zhang [27]

Cross-flow

LiBr

Dehumidifier

Bansal [29]

Cross-flow

CaCl2

Dehumidifier

Table 8 lists the summary of experimental investigations on adiabatic components in
liquid desiccant systems.
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2.2.3

Modelling investigation

Models for heat and mass transfer inside the internally cooled dehumidifiers are
developed to predict the performance. These models take into account the cooling/heating
fluid that is introduced to remove/compensate the condensation/evaporation heat. Some
models are developed upon the finite difference methods used for the adiabatic liquid
desiccant components. The difference is the additional consideration of the heat transfer
brought by the cooling/heating media. Some of the models developed didn’t consider the
thickness of the solution film, and thus come up with relative simple governing equations.
Yin [30] and Jain [15] developed convection finite difference models to simulate heat and
mass transfer between air-solution, solution-coolant and air-coolant. In their model the
wettability of conditioner surface is taken into account. Liu et al [31] compared the
performances of different flow arrangements used in internally cooled dehumidifiers.
With the heat and heat and moisture changes in finite segments almost the same as the
adiabatic models, the additional cooling stream was brought into the energy conservation
equation, and an additional heat transfer equation between the desiccant solution and the
cooling fluid. Instead of the widely used finite difference models introduced above,
Grossman et al [32], Masquita et al [33], Rahamah et al [34], and Park et al [35]
developed more detailed finite difference models that take into account the thickness of
the solution film on the surface of the exchange area.
Apart from models based on finite difference method, some simplified models are also
developed to predict the performance of internally cooled/heated components. Qi [36]
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developed a simplified prediction model with specially defined effectiveness for enthalpy,
moisture, and temperature in internally cooled dehumidifier. Hellmann and Grossman [19]
developed a simplified model for internally cooled conditioners with assumption that
water content and enthalpy of air at solution interface changes linearly along the surface.
They have implemented this model in their version of ABSIM. Table 9 shows research
about modelling of internally cooled conditioners.
Table 9 Research on modelling of internally cooled/heated components
Model type

Regardless of film thickness

Research

Flow pattern

Jain [15]

Counter-flow

Yin [30]

Parallel-flow

Liu [31]

Six different arrangements

Grossman [32]

Counter-flow

Masquita [33]

Counter-flow

Rahamah [34]

Counter-flow

Park [35]

Counter-flow

Hellmann [19]

Counter-flow

Qi [36]

Counter-flow

Considering film thickness

Simplified model
Simplified effectiveness
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CHAPTER 3. DEVELOPMENT OF SORPSIM

The development of liquid desiccant simulation modules of this research is part of the
ORNL-Purdue joined development project to create an easy-to-use simulation platform
for various sorption systems. The outcome of this project is the SorpSim software, and
the liquid desiccant modules developed in this research are implemented in SorpSim.
Thus it is necessary to introduce the basics of the SorpSim software to provide the insight
for the entire simulation tool. Sorption system Simulation program (SorpSim) is userfriendly computer software developed based on ABSIM, a program initially developed by
the Oak Ridge National Laboratory between 1980 and 1990[2, 37]. ABSIM was
originally developed for the performance prediction of steady-state closed-cycle
absorption systems. It provides a platform for investigating various cycle configurations
of absorption systems by using different working fluids. SorpSim inherits the expertise of
modular simulation of absorption systems from ABSIM, and it further expands the
capabilities by adding modules for liquid desiccant systems. SorpSim can be used on
various computer operating systems such as Windows and Mac OS X. It has a brand new
user friendly Graphical User Interface (GUI) for users to investigate the system cycles via
various new functions like system-level data review/edit panel, parametric tables,
debugging information, and charts [38]. The calculation engine of SorpSim is based on
ABSIM Windows Version 5.0’s.

The GUI of SorpSim enables users to build the cycle
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diagram with simple drag-drop and linking actions, and define the case data interactively.
SorpSim constructs a case using a special data structure to synchronize all the data and
settings provided by users. The program calculates the unknown operating parameters at
each state point, as well as the heat duty at each component. The system capacity and
performance parameters can be determined. The GUI also provides powerful analysis
functionalities for users to view the cycle on property charts and carry out parametric
studies using tables and plots.

3.1

Background for development

Absorption and liquid desiccant systems have drawn renewed interest during the past
years due to their advantage of relative noise-and-vibration-free operation and the
possibility to use low-grade heat source like solar and waste heat to energize the system.
Such increase of research and design of cycle systems has created a need for reliable and
effective system simulations. Several computer models had been developed for research
and design optimization of some particular cycle systems. The software tools most often
referenced in the literature for modeling absorption and liquid desiccant systems include
Engineering Equation Solver (EES), ASPEN Plus and ABSIM.
EES is an equation-oriented code with built-in properties routines that allow users to
compute thermo-physical properties of the most common working fluid in absorption and
liquid desiccant systems[39], and simulations of absorption and liquid desiccant systems
have been conducted using EES[40]. However, in EES all governing equations of the
system must be listed and initial guess value be properly defined by users, which makes
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modeling of cycles dependent on detailed user knowledge and susceptible to user errors.
Moreover, due to non-linear equations involved in liquid desiccant cycle models, the
results have to be checked for physical feasibility. Thus users would have to do a fair
amount of programming and adjustment of variables to achieve convergence and the
correct solution.
ASPEN Plus is a steady-state modeling software package that is widely used by the
chemical industry for process simulation. It provides the flexibility for various cycle
configurations and different working fluids, and is used in some cases for absorption
simulation during the past decade [41-43]. ASPEN Plus has an excellent GUI that helps
users to configure and define the system cycle and diagnose errors. The models of simple
components and extensive libraries of equations of state (EOS) and working fluids in
ASPEN Plus support robust operation for a wide range of cycle configurations. However,
such features also introduce complexity to simulation of a particular type of system. For
absorption system models developed in ASPEN Plus, users would have to specify
different EOS for particular scenarios. Moreover, many essential components in
absorption system such as desorber are not provided by the ASPEN Plus, and users
would have to add and define several simple components to form a macro that can
function as one component in absorption system. Thus simulating with this software
requires considerable time and training investment from users before being able to
employ the extensive libraries of modules and working substances, as well as to deal with
the subjectivity of breaking a process into simpler “blocks” before simulation.
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ABSIM was developed during the 1980s and 1990s with the objective of creating a
simulation tool for evaluating absorption systems in varying cycle configurations and
with different working fluids. The original version of ABSIM achieved flexibility without
the need for a user-defined iterative solution scheme through a modular approach[44, 45].
After its latest update in 2000, it was capable of accurate simulations of advanced and
complex cycles, and was equipped with a graphical user interface (GUI) for input
preparation and output analysis[2]. Being a code specially designed for absorption system
simulation, ABSIM was a powerful tool for convenient model construction while
yielding validated and accurate results. Thus it was widely used for simulations of
absorption systems with various cycle configurations and working fluid pairs during the
1990s.
However, this version of ABSIM (ABSIMW 5.0) has been less popular for investigation
of absorption systems during the past decade due to some limitations: it is not compatible
with most current mainstream operating systems (requiring Windows XP or earlier
Windows OS); a modern update could make important improvements to the userfriendliness of system and parameter setting and debugging tools to help achieve
convergence.
SorpSim has been developed on this background to provide a user-friendly computer
simulation tool with powerful functionalities to build, simulate, and carry out further
analysis for sorption systems in different cycle configurations and with different working
fluids. The software has been developed using Qt/C++ framework to provide great
graphical features as well as unmatched support for multiple operating systems. The
SorpSim is specialized in simulating absorption system thanks to the powerful calculation
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engine and well-established component and fluid property libraries that it inherited from
ABSIM. The SorpSim is also well capable of dealing with liquid desiccant systems with
the new desiccant component models implemented to expand the component library.
Users don’t have to do any programming as the equation and variable vector are all
automatically constructed along with the graphical operations on the GUI. The extensive
use of xml file as database of the calculation cases in the SorpSim allows further analysis
been carried out after simulation of a single case is done.

3.2

Structure of the software

The SorpSim Framework is shown in Figure 3. The core of the software is consisted of
the SorpSim GUI and the Calculation Engine. The GUI manages case data stored in
XML file databases, and it also provides an interactive environment for users to configure
the case. Once the simulation task is initiated by users in the GUI, case data is packaged
in special data structure and sent to the Calculation Engine as input. The Calculation
Engine solves the case by interpreting the input into variable vectors, and calling
subroutines in the component model library and fluid property library. The results are
generated and sent back to the GUI, where they are displayed to users and stored in the
case data.
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Figure 6 SorpSim Framework
As shown in Figure 6, the SorpSim program can be divided into two core sections: the
GUI which focuses on managing the case data and interacting with users, and the
calculation engine that simulates each case sent by the GUI, and presents the results back
to the GUI. The calculation engine along with the property library and the absorption
component model library is inherited from the ABSIM and integrated as a module into
the GUI program.
In this section, the integration of the calculation engine into the GUI program is first
described, followed by the data structure and database that are implemented in the GUI
program to manage and store case data. The tools that have been used for the SorpSim
development are introduced in Appendix A.
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3.2.1

Integration of the calculation engine

The calculation engine as part of the core of the SorpSim software was inherited from
ABSIMW 5.0 program. After converting the source code of ABSIM’s calculation engine
into the same language as the GUI development, the calculation engine becomes a large
C++ class with all the functions and subroutines as its member methods. The original
program flow of the calculation is preserved during conversion, which means simulation
can still be initiated with case data prepared in proper format, and the results will be
prepared to the output.
Originally in ABSIMW 5.0, the input case data and the output result data are
communicated between the GUI and the calculation engine via text-based files. This is
not safe or efficient from the modern software’s view, thus the first thing for the
integration is to implement in-program data communication mechanism.

Figure 7 illustrates the data communication between different sections of the GUI and the
calculation engine. The blocks inside the black box are the calculation engine. Although
written in a different language, the structure and program flow of the calculation engine
is the same as the original engine of ABSIMW 5.0.

Figure 7 Data communication in GUI and the calculation engine
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Descriptions of the calculation engine structure can be found in the user manual of
ABSIMW 5.0[37]. The information about property database and the solver package can
also be found with details in ABSIMW 5.0 user manual. For working fluid used in liquid
desiccant systems, several additional subroutines are implemented as well. The additional
property subroutines and their reference can be found in Table10.
Table 10 Additional property subroutines for liquid desiccant
Desiccant

Property

Subroutine

Reference

LiCl-water

Specific heat

CPFTX9

Conde [46]

Equilibrium humidity ratio

WFTX9

Conde [46]

Enthalpy

HFTX9

Chaudhari [47]

Specific heat

CPFTX1

Iyoki and Uemura [48]

Equilibrium humidity ratio

WFTX1

ASHRAE handbook [49]

LiBr-water

The items outside the black box are different parts of the GUI program, except for the
desiccant component modules, which are implemented within the component model
library inside the calculation engine.
As shown in Figure 7, the data communication between GUI and the calculation engine
includes:
•

The GUI interprets the graphical system configuration on the cycle diagram and
combines it with all the parameters and settings to generate a complex data object
containing the entire set of data for current case. Once users initiate calculation, this
data object will be tunneled to the calculation engine as the user input.
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•

The calculation engine then gathers these data and constructs variable vectors and
equation matrixes as the preparation to activate the solver. Once simulation is
finished, the results containing all status parameters of state points, component, and
the entire system are gathered and stored in a different data object than the input,
before the GUI takes the calculation outcomes via the data object and uses them as
displayed results, or as bases for parametric and cycle analysis.

•

During calculation, the calculation engine generates messages and keeps track of the
guess values of each round of iteration as well as the function residuals. This
information is gathered and communicated to the GUI once the calculation engine
stopped work, so that some useful information can be provided about the failed
calculation if convergence was not achieved.

By using these three data communication mechanisms, the GUI is able to fully control
the operation of the calculation engine to schedule simulation of a single case or multiple
cases during parametric study, to dispatch and gather data seamlessly, and to monitor the
process of the calculation. In this way, the SorpSim is able to inherit all the calculation
capability as well as the component and fluid flexibility of ABSIMW 5.0 program, and
can be used to simulate absorption cycles with much convenience and reliability. With
the liquid desiccant expansion to the component model library, the SorpSim’s capacity of
calculation is even further stretched to desiccant and hybrid systems.
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3.2.2

Data structure and database in the SorpSim GUI

The SorpSim GUI offers a platform where users can define system cycles of any
configuration modularly. This is supported by the data structure and database behind the
interface. The data structure is designed to achieve modular composition of the system
cycle and easy access to data. A database is also implemented to store all the information
needed to retrieve a system cycle and parametric table.
In Figure 7, the data communication between the Cycle Configuration and other different
parts of the GUI is realized based on the data structure that collects the case data that
users insert at various time during system configuration, and at different dialogs and
locations within the GUI.
The data structure is designed based on the behavior of components and state points in
system cycle to achieve corresponding modification and easy access of data. For a system
cycle constructed with modular components, the number and types of components are not
pre-set. Thus linked-list is selected as the data structure for components for the simplicity
it provides to append and modify data members in the middle of the structure. State
points are added to and removed from the system with the components they are affiliated
to. Thus state point data is stored in arrays that are child members of components’ linkedlist data structure. Figure 8 describes schematically the structure of the linked-list-array
mixed data structure. When a new component is added into the system, it is appended at
the end of the linked-list. Index numbers for this component and the state points inside it
is automatically assigned. When access to a particular parameter is needed, the program
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will search through the linked list to the desired component, and retrieve data either
directly from the component or from inside state points.

Figure 8 data structure for components and state points
The data structure containing system cycle configuration information can be accessed and
modified by the system control elements in the GUI, such as item properties dialogs to set
up component and state point parameters, links that merge two state points into one,
additional equations that provide additional equal-relationship between unknown state
point parameters. Any changes on the interface about the cycle data are synchronized
with the backstage data structure. Actions such as adding a new component or breaking
the link between two state points will trigger a set of corresponding changes to the values
in the data structure, or the dimension of the data structure itself.
Unlike the data structure, which acts like a workshop where all the changes are instantly
enforced and content updated, the database of the SorpSim is used to store the case data
and other information so that they can be organized into an entity for keeping, and later
conveniently retrieved as a whole. The database SorpSim utilizes is the eXtensible
Markup Language (XML) files. By applying a set of rules for encoding documents in a
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layer-based format, and applying the method to parse through the file, a large amount of
data with tree-shaped relationship can be easily organized, stored, and accessed.
Since the data structure used by the SorpSim is a tree-shaped structure, it is convenient to
pack up the content of the data structure into layers in the XML file, as well as to extract
all the data in a properly formatted XML file and fill it into the data structure. The
function of saving and loading system cases are implemented by bridging the data in the
current system with the data stored in an XML file. The database is structured in three
layers for system, components and state points so that regardless of the configuration of
the system cycle, the program will be able to re-create a case exactly like the saved one
with all pre-set parameters.
Another usage of the database is in parametric analysis functions. Parametric analysis in
the new ABSIM also takes advantage of the XML database. For each table, the data is
stored in three layers of runs, input/output and value. Information structured in this
format makes it very convenient to locate and access some specific values of interest
given the “address” of the value. Such method with data parsing in the XML file is used
to retrieve existing parametric table, update table form and value changes, and provide
data to draw the parametric plot.
Based on the integrated simulation engine and these specially designed data structure and
database, the SorpSim is able to manage large amount of data from user-defined system
cycles, and take advantage of the excellent capability of calculation and flexibility of
cycle configuration of the ABSIM program.
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CHAPTER 4. LIQUID DESICCANT MODULES IN SORPSIM

In this chapter, the heat and mass transfer models that have been implemented in
SorpSim for different types of liquid desiccant components are described in details,
followed by the introduction to correlations that is used to acquire a key parameter for the
models from experimental data. Then the implementation of the described models in
SorpSim is presented, explaining how the models are integrated with the rest sections of
SorpSim to reach simulation results.

4.1

Heat and mass transfer models

In this section the equations and solving procedures of the heat and mass transfer models
for different types of liquid desiccant components are introduced. The governing
equations of these models have been implemented into SorpSim, and the solving
procedures have been integrated with SorpSim’s solver package. Adiabatic components
SorpSim is designed to provide flexible system-level performance prediction capability
for various cycle configurations and different working fluids. The component models to
be implemented in SorpSim needs to be valid for a wide range of operating conditions.
Thus the simplified models using fitted correlations introduced in the literature review
section is not suitable for such task. On the other hand, the other two types of heat and
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mass transfer models: finite difference model and effectiveness-NTU model both can be
used under various scenarios and the calculation demand of both models are acceptable
for SorpSim’s solver package. Thus these two types of models have been implemented in
SorpSim for adiabatic dehumidifiers and regenerators.

4.1.1.1 Finite difference model
Although

there

are

three

different

configurations

for

an

adiabatic

dehumidifier/regenerator, the mathematical model to describe the heat and mass transfer
process inside each configuration of component is almost the same. Figure 10 shows the
schematics of parallel-flow, cross-flow, and counter-flow configurations. For counterflow and parallel-flow configurations, since the flow directions of desiccant solution and
air are parallel, the heat and mass transfer process can be described with a onedimensional model. However, for cross-flow configuration the two flows are
perpendicular to each other, thus a two-dimensional model is needed, with the similar
governing equations. The mathematical model for counter-flow configuration is
described below.
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Figure 9 Different configurations of the component: (a) parallel-flow; (b) counterflow; (c) cross-flow
In counter-flow dehumidifiers and regenerators as shown in Figure 9(b), desiccant
solution enters the device from the top, while air is blown from the bottom upwards in
direct contact with the solution. This triggers simultaneous heat and mass transfer. In
dehumidifiers, the solution entering from the top is usually strong and cool, and the air to
be dehumidified is warm and humid; in regenerators, the air blown upwards is usually
from ambient, and the solution sprayed or trickled from the top is weak and hot. Along
the height of the component, finite segments are divided to generate control volumes as
in Figure 10 to describe the heat and mass transfer processes. The main assumptions for
the model are: the local heat and mass transfer coefficients are constant throughout the
entire device; concentration and temperature gradients only exist in the flow direction;
only water is transferred between air and the desiccant, and the heat of mixing is
negligible compared to the water condensation heat.
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Figure 10 overview (a) and differential segment (b) of a counter-flow component
Energy, desiccant salt mass and moisture mass conservation can be established in the
control volume shown in figure 10 (b) and can be given in Equation (1) — (3)
Energy balance for the control volume
𝑚𝑚𝑠𝑠 ∙ 𝑑𝑑ℎ𝑠𝑠 + ℎ𝑠𝑠 ∙ 𝑑𝑑𝑚𝑚𝑠𝑠 − 𝑚𝑚𝑎𝑎 ∙ 𝑑𝑑ℎ𝑎𝑎 = 0

(1)

Mass balance for desiccant salt
𝑚𝑚𝑠𝑠 ∙ 𝑥𝑥𝑠𝑠 − (m𝑠𝑠 + 𝑑𝑑𝑑𝑑𝑠𝑠 ) ∙ (𝑥𝑥𝑠𝑠 + 𝑑𝑑𝑑𝑑𝑠𝑠 ) = 0

(2)

Mass balance for moisture balance
𝑑𝑑𝑑𝑑𝑠𝑠 − 𝑚𝑚𝑎𝑎 ∙ 𝑑𝑑𝑤𝑤𝑎𝑎 = 0

(3)

The change in air enthalpy during heat and mass transfer includes two parts: sensible heat
transferred due to the difference between air and solution temperature; and latent heat
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transferred due to moisture exchange with the solution. This relationship is given in Eqn.
(4), where 𝑟𝑟 is the condensation heat of water, A is the surface area per unit height, Z is
the total height of the device, and hC is the heat transfer coefficient.
𝑚𝑚𝑎𝑎 ∙ 𝑑𝑑ℎ𝑎𝑎 = ℎ𝐶𝐶 ∙ 𝐴𝐴 ∙ dZ ∙ (𝑡𝑡𝑎𝑎 − 𝑡𝑡𝑠𝑠 ) + 𝑟𝑟 ∙ 𝑚𝑚𝑎𝑎 ∙ 𝑑𝑑𝑤𝑤𝑎𝑎

(4)

The change of moisture content in air is driven by the vapor partial pressure difference
between air and the solution surface, which is represented in Eqn. (5) by the difference
between air humidity ratio (𝑤𝑤𝑎𝑎 ) and equilibrium air humidity ratio at the solution surface

( 𝑤𝑤𝑠𝑠,𝑒𝑒𝑒𝑒 ). The equilibrium air humidity ratio at the solution surface ( 𝑤𝑤𝑠𝑠,𝑒𝑒𝑒𝑒 ) is calculated
from solution temperature and concentration, and ℎ𝐷𝐷 is the heat transfer coefficient.
𝑚𝑚𝑎𝑎 ∙ 𝑑𝑑𝑤𝑤𝑎𝑎 = ℎ𝐷𝐷 ∙ 𝐴𝐴 ∙ dZ ∙ �𝑤𝑤𝑎𝑎 − 𝑤𝑤𝑠𝑠,𝑒𝑒𝑒𝑒 �

(5)

The Lewis number and number of mass transfer unit NTU𝑚𝑚 are defined by Eqn. (6) and
(7), where 𝐶𝐶𝑝𝑝,𝑚𝑚 is the specific heat of humid air.
NTU𝑚𝑚 =
Le =

ℎ𝐷𝐷 ∙ 𝐴𝐴 ∙ 𝑍𝑍
𝑚𝑚𝑎𝑎

ℎ𝐶𝐶
ℎ𝐷𝐷 ∙ 𝐶𝐶𝑝𝑝,𝑚𝑚

(6)

(7)

The enthalpy of moist air can be written as the sum of two products: the moist air specific
heat and air temperature, and the humidity ratio and the evaporation heat of water.
ℎ𝑎𝑎 = 𝐶𝐶𝑝𝑝,𝑚𝑚 ∙ 𝑡𝑡𝑎𝑎 + 𝑤𝑤𝑎𝑎 ∙ 𝑟𝑟

(8)
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Substitute Eqn. (6) into (5) yields Eqn. (9):
𝑑𝑑𝑤𝑤𝑎𝑎
NTU𝑚𝑚
=
∙ �𝑤𝑤𝑎𝑎 − 𝑤𝑤𝑠𝑠,𝑒𝑒𝑒𝑒 �
𝑑𝑑𝑑𝑑
𝑍𝑍

(9)

Substitute Eqn. (6) (7) (8) (9) into Eqn. (4) yields Eqn. (10), where ℎ𝑠𝑠,𝑒𝑒𝑒𝑒 is the
equilibrium air enthalpy at the solution surface calculated from solution temperature (𝑡𝑡𝑠𝑠 )
and the equilibrium air humidity ratio at the solution surface (𝑤𝑤𝑠𝑠,𝑒𝑒𝑒𝑒 ).

𝑑𝑑ℎ𝑎𝑎
NTU𝑚𝑚 ∙ 𝐿𝐿𝐿𝐿
1
=
∙ [�ℎ𝑎𝑎 − ℎ𝑠𝑠,𝑒𝑒𝑒𝑒 � + ( − 1) ∙ 𝑟𝑟 ∙ �𝑤𝑤𝑎𝑎 − 𝑤𝑤𝑠𝑠,𝑒𝑒𝑒𝑒 �]
𝑑𝑑𝑑𝑑
𝑍𝑍
𝐿𝐿𝐿𝐿

( 10 )

Eqn. (1)-(3) and Eqn. (9) (10) are the governing equations of the heat and mass transfer
processes in one control volume in an adiabatic dehumidifier/regenerator. In order to
acquire the results for heat and mass transfer of the entire component, calculations have
to be carried out for all the control volumes along the flow direction, using output of one
control volume as the input for the next one. Typically in performance simulation of the
component, the inlet conditions of air and the desiccant solution are given, which for the
counter-flow configuration shown in Figure 9 can be expressed as the boundary
conditions:
Air: 𝑡𝑡𝑎𝑎 = 𝑡𝑡𝑎𝑎,𝑖𝑖𝑖𝑖 𝑤𝑤𝑎𝑎 = 𝑤𝑤𝑎𝑎,𝑖𝑖𝑖𝑖 at x = Z
Desiccant: 𝑚𝑚𝑠𝑠 = 𝑚𝑚𝑠𝑠,𝑖𝑖𝑖𝑖 𝑡𝑡𝑠𝑠 = 𝑡𝑡𝑠𝑠,𝑖𝑖𝑖𝑖 𝑥𝑥𝑠𝑠 = 𝑥𝑥𝑠𝑠,𝑖𝑖𝑖𝑖 at x = 0
Given the NTU𝑚𝑚 ,𝐿𝐿𝐿𝐿 and the boundary conditions, the following solving process can be
applied in each round of iteration:

47
1. Assume a set of initial guess values for air outlet: 𝑡𝑡𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 , 𝑤𝑤𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 ;

2. Calculate the enthalpy ℎ𝑠𝑠,𝑒𝑒𝑒𝑒 and humidity ratio 𝑤𝑤𝑠𝑠,𝑒𝑒𝑒𝑒 of air in equilibrium at the
solution surface with temperature 𝑡𝑡𝑠𝑠 and concentration 𝑥𝑥𝑠𝑠 ;

3. Calculate the air enthalpy difference 𝑑𝑑ℎ𝑎𝑎 ;

4. Add the air enthalpy difference to current air enthalpy for next control volume;
5. Calculate the air humidity ratio difference 𝑑𝑑𝑤𝑤𝑎𝑎 ;

6. Add the air humidity ratio difference to current one for next control volume;
(ℎ𝑎𝑎 −𝑟𝑟 ∙𝑤𝑤𝑎𝑎 )

7. Calculate the next control volume air temperature using 𝑡𝑡𝑎𝑎 = 𝐶𝐶

𝑝𝑝,𝑎𝑎 +𝐶𝐶𝑝𝑝,𝑣𝑣 ∙𝑤𝑤𝑎𝑎

8. Calculate the concentration difference;

9. Calculate next control volume 𝑥𝑥𝑠𝑠 and 𝑚𝑚𝑠𝑠 ;

10. Calculate solution temperature difference using 𝑑𝑑𝑡𝑡𝑠𝑠 =
11. Calculate next control volume 𝑡𝑡𝑠𝑠

𝑚𝑚𝑎𝑎 ∙𝑑𝑑ℎ𝑎𝑎
𝑚𝑚𝑠𝑠 ∙𝐶𝐶𝑝𝑝,𝑠𝑠

;

;

4.1.1.2 Effectiveness-NTU model
Instead of investigating the detailed heat and mass transfer process at every segment, the
effectiveness model describes the process within the liquid desiccant device with
correlations between the status parameters at solution and air inlets and outlets.
For a counter-flow device shown in Figure 10 (a), energy, desiccant salt mass and
moisture mass conservation can be established for the entire device, and they can be
expressed as in Eqn. (11) — (13)
Energy balance for the entire device:
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𝑚𝑚𝑠𝑠,𝑖𝑖𝑖𝑖 ∙ ℎ𝑠𝑠,𝑖𝑖𝑖𝑖 − 𝑚𝑚𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜 ∙ ℎ𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑚𝑚𝑎𝑎 ∙ (ℎ𝑎𝑎,𝑖𝑖𝑖𝑖 − ℎ𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 ) = 0

( 11 )

Mass balance of desiccant salt for the entire device:
𝑚𝑚𝑠𝑠,𝑖𝑖𝑖𝑖 ∙ 𝑥𝑥𝑠𝑠,𝑖𝑖𝑖𝑖 − 𝑚𝑚𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜 ∙ 𝑥𝑥𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜 = 0

( 12 )

Moisture mass balance for the entire device:
𝑚𝑚𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑚𝑚𝑠𝑠,𝑖𝑖𝑖𝑖 − 𝑚𝑚𝑎𝑎 ∙ (𝑤𝑤𝑎𝑎,𝑖𝑖𝑖𝑖 − 𝑤𝑤𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 ) = 0

(13 )

For each segment of air-solution contacting surface, the driving potential of heat transfer
between the bulk air and the air at equilibrium with the solution can be approximated as
the enthalpy difference from equation (10) with the assumption that the Lewis number
equals to one:
𝑑𝑑q = 𝑚𝑚𝑎𝑎 ∙ 𝑑𝑑ℎ𝑎𝑎 = ℎ𝐷𝐷 ∙ (ℎ𝑎𝑎 − ℎ𝑒𝑒𝑒𝑒 ) ∙ 𝑑𝑑𝑑𝑑

(14)

An energy balance on the solution-air contacting surface can be expressed as:
𝑑𝑑q = 𝑚𝑚𝑠𝑠 ∙ 𝐶𝐶𝑝𝑝,𝑠𝑠 ∙ 𝑑𝑑𝑑𝑑𝑠𝑠 = 𝑚𝑚𝑎𝑎 ∙ 𝑑𝑑ℎ𝑎𝑎

(15 )

The specific heat of air at equilibrium 𝐶𝐶𝑝𝑝,𝑒𝑒𝑒𝑒 is defined as the derivative of the equilibrium
air enthalpy with respect to temperature at the solution conditions:

𝐶𝐶𝑝𝑝,𝑒𝑒𝑒𝑒 =

𝑑𝑑ℎ𝑒𝑒𝑒𝑒
𝑑𝑑𝑇𝑇𝑠𝑠

Substitution of 𝑑𝑑𝑇𝑇𝑠𝑠 from equation (16) into equation (15) gives:

(16 )
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𝑑𝑑q =

𝑚𝑚𝑠𝑠 ∙ 𝐶𝐶𝑝𝑝,𝑠𝑠
∙ 𝑑𝑑ℎ𝑒𝑒𝑒𝑒
𝐶𝐶𝑝𝑝,𝑒𝑒𝑒𝑒

(17 )

Using equation (15) and equation (17) one may write:
𝑑𝑑�ℎ𝑒𝑒𝑒𝑒 − ℎ𝑎𝑎 � = 𝑑𝑑ℎ𝑒𝑒𝑒𝑒 − 𝑑𝑑ℎ𝑎𝑎 = 𝑑𝑑q ∙ (

𝐶𝐶𝑝𝑝,𝑒𝑒𝑒𝑒
1
−
)
𝑚𝑚𝑠𝑠 ∙ 𝐶𝐶𝑝𝑝,𝑠𝑠 𝑚𝑚𝑎𝑎

(18 )

Substitute 𝑑𝑑q from equation (14) into equation (18) gives:
𝑑𝑑(ℎ𝑒𝑒𝑒𝑒 − ℎ𝑎𝑎 )
ℎ𝐷𝐷 𝑑𝑑𝑑𝑑
=
(1 − 𝑚𝑚∗ )
ℎ𝑒𝑒𝑒𝑒 − ℎ𝑎𝑎
𝑚𝑚𝑎𝑎

(19 )

Where the capacity ratio of the air at equilibrium and the solution 𝑚𝑚∗ is defined as:
𝑚𝑚∗ =

𝑚𝑚𝑎𝑎 𝐶𝐶𝑝𝑝,𝑒𝑒𝑒𝑒
𝑚𝑚𝑠𝑠 𝐶𝐶𝑝𝑝,𝑠𝑠

(20 )

Substitute the mass transfer unit NTU with its definition in equation (6) into equation (19),
and assume that 𝐶𝐶𝑝𝑝,𝑒𝑒𝑒𝑒 is constant over the operating conditions of the device. Then

integrate the combined equation through the entire height of the device gives:
ℎ𝑠𝑠,𝑖𝑖𝑖𝑖,𝑒𝑒𝑒𝑒 − ℎ𝑎𝑎𝑎𝑎
∗
= 𝑒𝑒 −𝑁𝑁𝑁𝑁𝑁𝑁(1−𝑚𝑚 )
ℎ𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜,𝑒𝑒𝑒𝑒 − ℎ𝑎𝑎𝑎𝑎

(21 )

Where ℎ𝑠𝑠𝑠𝑠,𝑒𝑒𝑒𝑒 and ℎ𝑠𝑠𝑠𝑠,𝑒𝑒𝑒𝑒 are the enthalpy of air at equilibrium at the solution outlet and
inlet respectively.

Since 𝐶𝐶𝑝𝑝,𝑒𝑒𝑒𝑒 is assumed to be constant over the height, equation (16) can be integrated into:
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𝑇𝑇𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑠𝑠,𝑖𝑖𝑖𝑖 =

ℎ𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜,𝑒𝑒𝑒𝑒 − ℎ𝑠𝑠,𝑖𝑖𝑖𝑖,𝑒𝑒𝑒𝑒
𝐶𝐶𝑝𝑝,𝑒𝑒𝑒𝑒

(22)

Assuming the change of water content in the desiccant solution stream is small enough to
be ignored, and that solution specific heat is constant, then the energy conservation
equation can be re-written as:
𝑚𝑚𝑠𝑠,𝑖𝑖𝑖𝑖 ∙ 𝐶𝐶𝑝𝑝,𝑠𝑠 ∙ (𝑇𝑇𝑠𝑠,𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜 ) + 𝑚𝑚𝑎𝑎 ∙ (ℎ𝑎𝑎,𝑖𝑖𝑖𝑖 − ℎ𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 ) = 0

(23)

Substitute equation (22) into equation (23), we have:
ℎ𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜,𝑒𝑒𝑒𝑒 − ℎ𝑠𝑠,𝑖𝑖𝑖𝑖,𝑒𝑒𝑒𝑒 𝑚𝑚𝑎𝑎 𝐶𝐶𝑝𝑝,𝑒𝑒𝑒𝑒
=
= 𝑚𝑚∗
ℎ𝑎𝑎,𝑖𝑖𝑖𝑖 − ℎ𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜
𝑚𝑚𝑠𝑠 𝐶𝐶𝑝𝑝,𝑠𝑠

(24)

Define the effectiveness of enthalpy exchange throughout the entire height of the device
as the ratio between actual air enthalpy change and the maximum possible air enthalpy
change:

𝜀𝜀 =

ℎ𝑎𝑎,𝑖𝑖𝑖𝑖 − ℎ𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜
ℎ𝑎𝑎,𝑖𝑖𝑖𝑖 − ℎ𝑠𝑠,𝑖𝑖𝑖𝑖,𝑒𝑒𝑒𝑒

(25)

And combine equation (21) (24) and (25) we have the correlation between the
effectiveness and the mass transfer unit as:
∗

1 − 𝑒𝑒 −𝑁𝑁𝑁𝑁𝑁𝑁(1−𝑚𝑚 )
𝜀𝜀 =
∗
1 − 𝑚𝑚∗ 𝑒𝑒 −𝑁𝑁𝑁𝑁𝑁𝑁(1−𝑚𝑚 )

(26)
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With the assumption that the change in the liquid mass flow rate 𝑑𝑑𝑑𝑑𝑠𝑠 = 𝑚𝑚𝑎𝑎 ∙ (𝑤𝑤𝑎𝑎,𝑒𝑒𝑒𝑒 −
𝑤𝑤𝑎𝑎 ) can be neglected and that the Lewis number can be assumed to be equal to one, the
description of air enthalpy change in equation (10) can be simplified into:

𝑑𝑑ℎ𝑎𝑎
NTU
=
∙ �ℎ𝑎𝑎 − ℎ𝑠𝑠,𝑒𝑒𝑒𝑒 �
𝑑𝑑𝑑𝑑
𝐴𝐴

(27)

To determine the outlet humidity ratio, an “effective” heat and mass transfer process
where the solution stream is at a constant “effective” temperature is assumed. The
“effective” temperature of solution is assumed so as to give the same air outlet enthalpy
as in reality, where the solution temperature actually changes along the height of the
device. With this assumption and the assumption that the equilibrium air enthalpy only
changes with its temperature, equation (20) can be integrated as:

ℎ 𝑇𝑇𝑇𝑇,𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒𝑒𝑒 = ℎ𝑎𝑎,𝑖𝑖𝑖𝑖 +

h𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 − h𝑎𝑎,𝑖𝑖𝑖𝑖
1 − 𝑒𝑒 −𝑁𝑁𝑁𝑁𝑁𝑁

(28)

With this enthalpy value and the equilibrium condition, the corresponding “effective”
humidity ratio can be calculated. Then by integrating equation (9) the outlet air humidity
ratio can be expressed as:
𝑤𝑤𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑤𝑤𝑇𝑇𝑇𝑇,𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒𝑒𝑒 + (𝑤𝑤𝑎𝑎,𝑖𝑖𝑖𝑖 − 𝑤𝑤𝑇𝑇𝑇𝑇,𝑒𝑒𝑒𝑒,𝑒𝑒𝑓𝑓𝑓𝑓 ) ∙ 𝑒𝑒 −𝑁𝑁𝑁𝑁𝑁𝑁

(29)

Equation (11)-(13), equation (25), and equation (29) are the governing equations of the
effectiveness heat and mass transfer model in an adiabatic dehumidifier/regenerator.
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Given both air and solution inlet conditions and the mass transfer unit NTU𝑚𝑚 , the
following solving process can be applied to solve the air and solution outlet conditions:

1. Calculate the specific heat of air at equilibrium for the range of operating condition
𝐶𝐶𝑒𝑒𝑒𝑒 ;

2. Calculate the capacity ratio 𝑚𝑚∗ ;

3. Calculate the effectiveness 𝜀𝜀;

4. Calculate the air enthalpy at equilibrium at the solution inlet ℎ𝑠𝑠𝑠𝑠,𝑒𝑒𝑒𝑒 ;

5. Calculate the air outlet enthalpy;

6. Use the energy balance to calculate the solution outlet enthalpy;
7. Find the “effective” equilibrium enthalpy;
8. Use enthalpy can equilibrium condition to fide the “effective” saturation humidity
ratio 𝑤𝑤𝑇𝑇𝑇𝑇,𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒𝑒𝑒 ;

9. Calculate the outlet air humidity ratio;
10. Use the mass balances and the known states to calculate solution outlet flow rate,
concentration and temperature, as well as air outlet temperature.

4.1.2

Internally cooled/heated components

For internally cooled/heated components, two types of finite difference models have been
introduced in the literature review section. Since SorpSim is developed for system-level
simulation and preliminary design purposes, the models for components need to provide
adequate accuracy while also use governing equations that are simple enough to achieve
convergence. From the two types of finite difference models for internally cooled/heated
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components, the one considering solution film thickness is too detailed for the systemlevel simulation, while at the same time it is more calculation-demanding and sensitive to
initial guess values for convergence. Thus the finite difference models regardless of the
solution film thickness are implemented in SorpSim for various flow arrangements.
Although there are many flow arrangement options for the solution, air, and
cooling/heating fluid streams in the internally heated/cooled components, the
mathematical model to describe the heat and mass transfer process inside each
configuration of component is almost the same. Figure 11 shows the schematic of a
counter-flow internally cooled dehumidifier. Since the solution, air, and cooling water
flow directions are all vertical, the heat and mass process can be described with a onedimensional model. However, when the three streams are arranged in cross-flow
configurations, a two dimensional model is needed. The mathematical model for this
counter-flow configuration is described below.

Figure 11 Schematic of a counter-flow internally cooled dehumidifier
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In counter-flow dehumidifier as shown in Figure 11, desiccant solution enters the device
from the top, while air is blown from the bottom upwards in direct contact with the
solution. Simultaneous heat and mass transfer occurs at the solution-air interface, where
moisture in the air condensates into the solution and gives off the condensation heat.
Cooling water enters the component from the bottom and flows upwards to cool the
desiccant solution, taking away the condensation heat and keeps the solution temperature
low.
To apply finite difference method, the component is divided into a number of segments
along its height (and also along the width for cross-flow configuration). Figure 12 shows
the differential segment of the counter-flow component. The main assumptions for the
model are: the local heat and mass transfer coefficients are constant throughout the entire
device; concentration and temperature gradients only exist in the flow direction; only
water is transferred between air and the desiccant solution; solution film thickness is not
considered; and the heat of mixing is negligible compared to the water condensation heat.
Considering possible insufficient wetting of the packing surface, which is a common
phenomenon for internally cooled/heated components with lower desiccant solution mass
flow rate, the wetness level 𝛽𝛽 is introduced as the ratio of wetted packing area and the
total packing area.
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Figure 12 differential segment of a counter-flow internally cooled dehumidifier
For each segment control volume, conservation equations and transfer equations are
established. The governing equations for each segment are:
Energy conservation of the control volume
𝑑𝑑(𝑚𝑚𝑠𝑠 ℎ𝑠𝑠 ) 𝑚𝑚𝑎𝑎 𝑑𝑑ℎ𝑎𝑎 𝑚𝑚𝑤𝑤 𝐶𝐶𝑝𝑝𝑤𝑤 𝑑𝑑𝑇𝑇𝑤𝑤
−
−
=0
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(30)

Mass conservation of the control volume
𝑑𝑑𝑚𝑚𝑠𝑠 𝑚𝑚𝑎𝑎 𝑑𝑑𝑤𝑤𝑎𝑎
−
=0
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(31)

Salt mass conservation of the control volume
𝑑𝑑(𝑚𝑚𝑠𝑠 𝑥𝑥𝑠𝑠 )
=0
𝑑𝑑𝑑𝑑

(32)
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The change of air humidity ratio in the segment is the same as in Equation (9), only
considering the wetness level to correct the actual area for mass transfer:
𝑑𝑑𝑤𝑤𝑎𝑎
𝑁𝑁𝑁𝑁𝑁𝑁𝑚𝑚
=
[𝑤𝑤𝑎𝑎 − 𝑤𝑤𝑒𝑒𝑒𝑒 (𝑇𝑇𝑠𝑠 , 𝑥𝑥𝑠𝑠 )] ∙ 𝛽𝛽
𝑑𝑑𝑑𝑑
𝑍𝑍

(33)

In Equation 33, 𝑁𝑁𝑁𝑁𝑈𝑈𝑚𝑚 is the number of transfer unit between air and solution in the
entire component defined as 𝑁𝑁𝑁𝑁𝑈𝑈𝑚𝑚 = ℎ𝐷𝐷 𝐴𝐴/𝐹𝐹𝑎𝑎 , and 𝛽𝛽 is the wetness level defined as the
ratio of wetted area over total area

The change of air enthalpy in the segment is similar to Equation (10), only adding the
heat transfer between air and cooling/heating fluid when the surface of exchanger is not
completely wetted:
𝑑𝑑ℎ𝑎𝑎
𝑁𝑁𝑁𝑁𝑁𝑁𝑚𝑚 ∙ 𝐿𝐿𝐿𝐿 ∙ 𝛽𝛽
1
=
∙ �ℎ𝑎𝑎 − ℎ𝑒𝑒𝑒𝑒 (𝑇𝑇𝑠𝑠 , 𝑥𝑥𝑠𝑠 ) + � − 1� ∙ 𝑟𝑟 ∙ �𝑤𝑤𝑎𝑎 − 𝑤𝑤𝑒𝑒𝑒𝑒 (𝑇𝑇𝑠𝑠 , 𝑥𝑥𝑠𝑠 )��
𝑑𝑑𝑑𝑑
𝑍𝑍
𝐿𝐿𝐿𝐿

(34)

+ 𝑁𝑁𝑁𝑁𝑈𝑈𝑎𝑎 (𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑎𝑎 )(1 − 𝛽𝛽)

Where Le is the Lewis number of air, r is the evaporation/condensation enthalpy of water,
𝑁𝑁𝑁𝑁𝑈𝑈𝑎𝑎 is the number of heat transfer unit between air and the heat transfer fluid defined

as 𝑁𝑁𝑁𝑁𝑈𝑈𝑎𝑎 = 𝐶𝐶

ℎ𝐴𝐴 𝐴𝐴

𝑝𝑝,𝑤𝑤 𝑚𝑚𝑤𝑤

And one more equation for the temperature change of the cooling/heating fluid
considering the heat transfer with desiccant solution and potentially the heat transfer with
air if the surface of exchanger is not completely wetted.
𝑑𝑑𝑇𝑇𝑤𝑤
= 𝑁𝑁𝑁𝑁𝑈𝑈𝑠𝑠 (𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑠𝑠 ) ∙ 𝛽𝛽 + 𝑁𝑁𝑁𝑁𝑈𝑈𝑎𝑎 (𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑎𝑎 )(1 − 𝛽𝛽)
𝑑𝑑𝑑𝑑

(35)
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In Equation 35 𝑁𝑁𝑁𝑁𝑈𝑈𝑠𝑠 is the number of heat transfer unit between solution and the heat

transfer fluid defined as 𝑁𝑁𝑁𝑁𝑈𝑈𝑠𝑠 = 𝐶𝐶

ℎ𝑊𝑊 𝐴𝐴

𝑝𝑝,𝑤𝑤 𝑚𝑚𝑤𝑤

Given 𝑁𝑁𝑁𝑁𝑈𝑈𝑠𝑠 , 𝑁𝑁𝑁𝑁𝑈𝑈𝑚𝑚 , 𝑁𝑁𝑁𝑁𝑈𝑈𝑎𝑎 , Le and conditions parameters (if to iterate from top

(solution inlet), 𝑇𝑇𝑠𝑠,𝑖𝑖𝑖𝑖 , 𝑚𝑚𝑠𝑠,𝑖𝑖𝑖𝑖 , 𝑥𝑥𝑠𝑠,𝑖𝑖𝑖𝑖 , 𝑇𝑇𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 , 𝑤𝑤𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 , 𝑚𝑚𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 , 𝑇𝑇𝑤𝑤,𝑜𝑜𝑜𝑜𝑜𝑜 , 𝑚𝑚𝑤𝑤 ), the solving process

is:

1. Calculate equilibrium humidity ratio 𝑤𝑤𝑒𝑒𝑒𝑒 (𝑇𝑇𝑠𝑠 , 𝑥𝑥𝑠𝑠 ) and enthalpy ℎ𝑒𝑒𝑒𝑒 (𝑇𝑇𝑠𝑠 , 𝑤𝑤𝑒𝑒𝑒𝑒 );
2. Calculate air enthalpy change 𝑑𝑑ℎ𝑎𝑎 , then next step ℎ𝑎𝑎 ;

3. Calculate humidity ratio change 𝑑𝑑𝑤𝑤𝑎𝑎 , then next step 𝑤𝑤𝑎𝑎 ;

4. Use next step ℎ𝑎𝑎 and 𝑤𝑤𝑎𝑎 to calculate next step 𝑇𝑇𝑎𝑎 ;

5. Calculate water temperature change 𝑑𝑑𝑇𝑇𝑤𝑤 , then next 𝑇𝑇𝑤𝑤 ;

6. Calculate 𝑑𝑑𝐹𝐹𝑠𝑠 , then next 𝑚𝑚𝑠𝑠 ;
7. Calculate 𝑑𝑑𝐶𝐶𝑠𝑠 , then next 𝑥𝑥𝑠𝑠 ;

8. Calculate 𝑑𝑑ℎ𝑠𝑠 , then next ℎ𝑠𝑠 ;

9. Calculate 𝑇𝑇𝑠𝑠 with next ℎ𝑠𝑠 and 𝑥𝑥𝑠𝑠 ;
The output of each round of iteration is the outlet conditions: 𝑚𝑚𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜 𝑇𝑇𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜 𝑥𝑥𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜 𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖
𝑤𝑤𝑎𝑎,𝑖𝑖𝑖𝑖 𝑇𝑇𝑤𝑤,𝑖𝑖𝑖𝑖 These values will be compared with input values in the solver, and

adjustment of guess values will be made for next step iteration towards convergence.

4.2

Correlations to acquire NTU numbers

As one of the most important parameters in the models describing the heat and mass
transfer process of liquid desiccant components, the number of transfer units (NTU)
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value for heat and mass transfer between air and desiccant solution is related to specific
device settings and operating conditions. However, for the purpose of validating the
models, the correlations between the NTU number and the operating parameters from
experimental investigations need to be built. In the current study, such correlation is
constructed in analogy to the sensible heat exchanger effectiveness-NTU method.
As analogy to heat transfer in heat exchangers, where NTU is defined as

NTU𝑡𝑡 =

U𝐴𝐴
m ∙ 𝐶𝐶𝑝𝑝

(36)

And the total heat transferred
Q = UA ∙ LMTD

(37)

Where LMTD is defined as

LMTD =

(∆Ta − ∆Tb)
∆𝑇𝑇𝑇𝑇
ln
∆𝑇𝑇𝑇𝑇

(38)

In a similar way we can define a logarithmic mean humidity ratio difference LMWD:

LMWD =

(∆wi − ∆wo )
∆𝑤𝑤
ln ∆𝑤𝑤 𝑖𝑖
𝑜𝑜

(39)

And the total mass transferred can be calculated as
M = ℎ𝐷𝐷 ∙ A ∙ LMWD

(40)
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Where given experimental data (M, ma, and humidity ratio of both stream), the ℎ𝐷𝐷 ∙ A,
and eventually NTU can be calculated.

∆𝑤𝑤𝑖𝑖
ℎ𝐷𝐷 ∙ 𝐴𝐴 ∆wa ∙ ln ∆𝑤𝑤𝑜𝑜
NTU𝑚𝑚 =
=
𝑚𝑚𝑎𝑎
(∆wi − ∆wo )

(41)

Such estimation is based on known inlet and outlet conditions of both air and solution.
Thus it can be used for simulations based on at least one set of available experimental
data. This NTU estimation correlation is implemented in SorpSim to help users to
quickly acquire a reasonable NTU number based on investigated cases.
For some experimental data sets where the outlet conditions (especially for solution outlet)
are not given, SorpSim provides a quick iterative method to find the best fitting NTU
number to help start the simulation. Such estimation takes the current inlet conditions,
and asks for a target humidity change rate or outlet air humidity ratio. With these
parameters SorpSim quickly finds the best fitting NTU number to describe the heat and
mass transfer between solution and air. Users can assign the NTU number that is actually
involved in the calculation with a value around the estimated value to ensure that the
parameters of interest in the simulation results are close to the desired value.

4.3

Implementation of the modules into SorpSim

When implemented in SorpSim, the calculation process utilizes different modules in the
code for not only aforementioned finite difference calculation or effectiveness model
calculation. The flowchart of simulation for the component is shown in Figure 13.
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Figure 13 Structure of component simulation using different modules in SorpSim

Once the user initiates the calculation, all user-defined coefficients, inputs and guess
values are passed from the graphical user interface (GUI) to the simulation engine. The
component module applies either the finite difference model, or the effectiveness model
to carry out calculation. The fluid property module is called by the component module to
provide correlation for enthalpy, humidity ratio and other parameters for the current
working fluid. The calculation results are compared with user-defined fixed inputs at the
same location, and the differences are used as residuals for convergence check. For both
models of the counter-flow device described above, the values of 𝑡𝑡𝑎𝑎,𝑖𝑖𝑖𝑖 and 𝑤𝑤𝑎𝑎,𝑖𝑖𝑖𝑖 will be
compared with user-defined input values at the air inlet. If they don’t match within the
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tolerance, the guess values will be adjusted for next round of iteration until convergence
is achieved. The SorpSim’s solver subroutines apply both quasi-Newton method and
gradient method to adjust guess values for convergence. The guess values of 𝑡𝑡𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 ,
𝑤𝑤𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 that lead to convergence, along with 𝑡𝑡𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜 ,𝑚𝑚𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜 𝑥𝑥𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜 from the outputs of that

round of iteration are the results for the performance simulation of the component. If
residuals are lower than user-defined tolerance, the computation converges, and the
results—including all guess values for the final iteration and outputs of the component—
are displayed by the GUI. However, if the residuals exceed the tolerance, the solver
module adjusts the guess values in order to minimize the residuals for the next iteration.
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CHAPTER 5. VALIDATION OF THE LIQUID DESICCANT COMPONENT
MODULES

In this section the modelling results of component modules for both adiabatic and
internally cooled/heated type of components are compared with experimental data from
literature. The NTU values used in the simulation are acquired case-by-case using the
correlation described in chapter 4.

5.1

Adiabatic components

In order to verify the accuracy of simulation using the new module implemented in
SorpSim, results from the new module using finite difference model are compared with
experimental data from published literature. A summary of experimental investigations
on adiabatic dehumidifiers and regenerators can be found in Table 3. The experimental
results from Fumo and Goswami[5] are used for comparison with the simulation results
of the new module in SorpSim. The Le number is taken as one in these simulations.
Finite difference model for adiabatic components

Figure 14 and 15 show the comparison between simulation results and experimental data
of a dehumidifier from Fumo and Goswami [5]. The device under investigation was a
packed-bed adiabatic dehumidifier with counter-flow configuration, aqueous LiCl
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solution was used as the desiccant. The 𝑁𝑁𝑁𝑁𝑁𝑁𝑚𝑚 value has a range of 0.83-1.51, which is

estimated based on inlet and outlet conditions of solution and air from the experimental
data. As shown in Figure 14 and 15, the maximal differences between calculated results
and the experimental values are 0.00013kg/s (2.76%) for moisture removal rate and
2.4kJ/kg (17%) for air enthalpy change between inlet and outlet (except for one outlier).

Figure 14 Comparison results of the calculated values and experimental results of
dehumidification by Fumo and Goswami [5]: moisture removal rate (kg/s)

64

Figure 15 Comparison results of the calculated values and experimental results of
dehumidification by Fumo and Goswami [5]: change of air enthalpy (kJ/kg)
The average absolute difference of moisture removal rate is 0.000038kg/s (0.34%) with
standard deviation of 0.00007kg/s. The average absolute difference of air enthalpy
change is 1.67kJ/kg (14.7%) with standard deviation of 0.95kJ/kg.
Figure 16 and 17 give the comparison of predicted values by the new module and the
experimental results of a regenerator from Fumo and Goswami [5]. The packed bed
device was used for regeneration of desiccant solution in this study. Aqueous LiCl
solution was used as the desiccant. The 𝑁𝑁𝑁𝑁𝑁𝑁𝑚𝑚 value is estimated to be 2.2-5.1 using the
inlet and outlet conditions of air and solution from the experimental data.
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Figure 16 Comparison results of the calculated values and experimental results of
regeneration by Fumo and Goswami [5]: water evaporation rate (kg/s)
The maximal difference between calculated results and the experimental values for water
evaporation rate is 0.001kg/s (3%), and the average absolute difference is 0.00024kg/s
(0.5%) with standard deviation of 0.00385kg/s. The maximal difference for air enthalpy
change is 4.4kJ/kg (3.9%), and average absolute difference is 2.7kJ/kg (2.3%) with
standard deviation of 1.14kJ/kg.
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Figure 17 Comparison results of the calculated values and experimental results of
regeneration by Fumo and Goswami [5]: change of air enthalpy (kJ/kg)
As shown in the comparison, the calculation results of the SorpSim adiabatic liquid
desiccant component module using finite difference model matches well with the
experimental data.

5.1.1

Effective-NTU model for adiabatic components

Figure 18 and 19 show the comparison between simulation results and experimental data
of a dehumidifier from Fumo and Goswami [5]. The device under investigation was a
packed-bed adiabatic dehumidifier with counter-flow configuration, aqueous LiCl
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solution was used as the desiccant. The 𝑁𝑁𝑁𝑁𝑁𝑁𝑚𝑚 value has a range of 0.83-1.51, which is

estimated based on inlet and outlet conditions of solution and air from the experimental
data. As shown in Figure 18 and 19, the maximal difference between calculated results
and the experimental values is 2.9kJ/kg (20.7%) for air enthalpy change between the inlet
and outlet (except for one outlier) and 0.0003kg/s (4.87%) for moisture removal rate. The
average difference for air enthalpy change is 2.0 kJ/kg (12%) with the standard deviation
of 0.99kJ/kg. The average for moisture removal rate difference is 0.000184kg/s (2.2%)
with the standard deviation of 0.000107kg/s.

Figure 18 Comparison results of the calculated values and experimental results of
dehumidification by Fumo and Goswami [5]: air enthalpy change [kJ/kg]
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Figure 19 Comparison results of the calculated values and experimental results of
dehumidification by Fumo and Goswami [5]: moisture removal rate (kg/s)

Figure 20 and 21 give the comparison of predicted values by the new module and the
experimental results of a regenerator from Fumo and Goswami [5]. The packed bed
device was used for regeneration of desiccant solution in this study. Aqueous LiCl
solution was used as the desiccant. The 𝑁𝑁𝑁𝑁𝑁𝑁𝑚𝑚 value is estimated to be 2.2-5.1 using the
inlet and outlet conditions of air and solution from the experimental data. The maximal

difference between calculated results and the experimental values for air enthalpy change
is 6.96kJ/kg (6.2%), and the maximal difference for water evaporation rate is 0.0013
(3.3%).
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Figure 20 Comparison results of the calculated values and experimental results of
regeneration by Fumo and Goswami [5]: air enthalpy change [kJ/kg]
The average difference for air enthalpy change is 5.95kJ/kg (4.9%) with standard
deviation of 1.4kJ/kg. The average difference for water evaporation rate is 0.00095kg/s
(2.4%) with standard deviation of 0.000361kg/s.
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Figure 21 Comparison results of the calculated values and experimental results of
regeneration by Fumo and Goswami [5]: water evaporation rate (kg/s)
As shown in the comparison, the calculation results of the SorpSim adiabatic liquid
desiccant component module using effectiveness-NTU model matches well with the
experimental data.

5.2

Internally cooled/heated components

For internally cooled dehumidifier and internally heated regenerator component models,
a series of simulations were carried out using parameter settings of available
experimental studies. A summary of experimental investigations on internally
cooled/heated components can be found in Table 8.
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The experimental results from Zhang [27] are used for comparison with the simulation
results of the new module in SorpSim under dehumidification and regeneration scenarios,
respectively. The Le number is taken as one in these simulations.
In Zhang’s experimental settings, an internally cooled dehumidifier cross-flow was tested
using LiBr-water as the desiccant solution. The wetness level is assumed to be 0.8, and
the NTU number for heat transfer between cooling water and solution is 0.8, and between
cooling water and air is 0.5. The NTU number for heat and mass transfer between
solution and air is set between 0.3-0.5. As shown in Figure 22 and 23, the maximal
difference between calculated moisture removal rate and the experimental data is
0.000167kg/s (12.3%) with the average absolute difference 0.0000875kg/s (5.6%) and
standard deviation of 0.000058kg/s.

Figure 22 Comparison of the calculated values and experimental results of
dehumidification by Zhang [27]: moisture removal rate
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The difference between calculated air enthalpy change and the experimental data are
within 1.38kJ/kg (9.7%) with the average absolute difference 0.25kJ/kg (4.5%) and
standard deviation of 0.8kJ/kg.

Figure 23 Comparison of the calculated values and experimental results of
dehumidification by Zhang [27]: air enthalpy change
As shown in the comparison, the calculation results of the SorpSim internally cooled
liquid desiccant component module using finite difference model matches well with the
experimental data.
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CHAPTER 6. CASE STUDY OF MODELLING A LIQUID DESICCANT CYCLE
USING SORPSIM

In this chapter, a case study of modelling a liquid desiccant system using SorpSim is
presented. The liquid desiccant system used for the case study is first introduced, and the
simplifications that were included to implement the model in SorpSim are also presented.
Then the cycle configuration and simulation of the baseline case using SorpSim is
demonstrated. Finally a parametric analysis is carried out to investigate the effects of
cooling water temperature on dehumidification performance.

6.1

Liquid desiccant system for the case study

The liquid desiccant system in this case study is developed based on the cycle proposed
by Gommed et al [50]. The schematic description of the liquid desiccant system is shown
in Figure 24. In the figure, thick lines indicate air flow; solid thin lines indicate solution
flow; and dotted thin lines indicate water flow. An adiabatic dehumidifier (denoted as
“absorber” in the figure) and an adiabatic regenerator (denoted as “desorber” in the figure)
are included in the system, along with a solution-to-water heat exchanger before the
solution inlet of both the dehumidifier and the regenerator to provide pre-cooling and preheating.An internal heat exchanger is also included between the dehumidification side
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and the regeneration side to recover heat between streams of solution. Several mixers and
splitters are added to control the flows of desiccant solution, and a solution storage tank is
included in the system to provide buffering capacity.

Figure 24 Schematic description of the liquid desiccant system [50]
In order to build a steady-state model based on this liquid desiccant system cycle, the
pipelines in the system diagram are modified for simplification: at the solution outlet of
both dehumidifier and regenerator, the outlet solution streams are first mixed with the
solution stream coming from the internal heat exchanger, and then they directly go into
the solution pools at each side; the solution stream from the dehumidifier pool flows
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through the pre-cooler before it reaches the solution inlet of the dehumidifier; the same
happens to the regeneration side; finally two streams of the solution from each solution
pool flow to the other side to mix with its outlet solution stream, and exchanging heat in
the internal heat exchanger. The modified system cycle is presented using SorpSim cycle
configuration function in Figure 25.

Figure 25 Schematic of the simplified system cycle shown in SorpSim
The solution pools at both sides of the cycle are implemented by fixing the inlet
conditions of both splitters (state point 21 and state point 22). Since in practice the
capacity of the pools at both sides are much larger than the solution in the streams, it is
appropriate to assume that the temperature and concentration of the solution in both pools
stay constant regardless of the returning solution conditions.
The baseline system parameters are listed in Table 11:

76
Table 11 system parameters for the baseline case
Ambient air temperature

30°C

Ambient air humidity ratio

0.019kg/kg d.a.

Heating water temperature

65°C

Heating/cooling water mass flow rate

0.25kg/s

Cooling water temperature

29.5°C

Air flow rate through dehumidifier/regenerator (dry air)

0.16kg/s

Solution mass flow rate at dehumidifier/regenerator inlet 0.5kg/s
Solution temperature at dehumidifier pool outlet

35°C

Solution concentration at dehumidifier pool outlet

39%

Solution temperature at regenerator pool outlet

40°C

Solution concentration at regenerator pool outlet

40%

Effectiveness of dehumidifier/regenerator

0.7

Effectiveness of heat exchangers

0.7

6.2

Cycle configuration and simulation in SorpSim

SorpSim provides convenient and user-friendly cycle configuration functions to help
users build system cycles like the one in Figure 25 and set the parameters for simulation.
The components in the cycle can be added by choosing from SorpSim’s component
inventory as in Figure 26.
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Figure 26 SorpSim’s component inventory
After adding all the components into the system and creating links to form a cycle, the
parameters of each component and state point can be easily accessed and edited via
dialogs shown in Figure 27.
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Figure 27 Parameter setting dialog for components and state points
After inserting the input parameters provided in Table 10, the calculation can be initiated
and the results can be displayed either on the cycle diagram (as shown in Figure 28) or in
tabular form.

Figure 28 Result displayed on cycle diagram
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6.3

Parametric study using SorpSim

Based on the baseline case simulated in the last section, parametric study can be carried
out on various parameters in the cycle using SorpSim’s table and plot functions. In this
section the effect of cooling water temperature on the dehumidification efficiency and
moisture removal rate are investigated.
In order to quickly assess the cycle performance against varying parameters, a parametric
table is created. The cooling water temperature is set between 10°C and 30°C, and the
performance index for dehumidifier is the moisture removal rate. The table is calculated
and shown in Figure 29:

Figure 29 Parametric tables of dehumidifier performance against varying cooling
water temperature
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As shown in the table in Figure 29, the moisture removal rate decreases with the increase
of cooling water temperature. At higher temperature the vapor pressure at solution
surface is higher, and less moisture is driven from the air into the solution by the smaller
vapor pressure difference. Such trend is plotted and presented in Figure 30:

Figure 30 Moisture removal rate against varying cooling water temperature

As shown in the plot, the moisture removal rate in the dehumidifier declines rapidly with
the increase of the cooling water temperature.

82

CHAPTER 7. CONCLUSION AND FUTURE WORK

Liquid desiccant systems (LDS) have enjoyed an increasing interest as an alternative to
conventional vapor compression air conditioning systems. However, modelling liquid
desiccant components and cycle systems can be very skill-demanding, and there is strong
need for convenient simulation tools for LDS cycles. In current study, an extensive
literature review of existing modelling and experimental research on liquid desiccant
components was first conducted. Several models of liquid desiccant components have
been introduced and implemented in in the newly developed SorpSim software to enable
users to conveniently configure liquid desiccant system cycles, carry out calculation, and
conduct parametric analysis. Simulations of cases have been carried out using the liquid
desiccant module to verify the accuracy of the program’s calculation. Finally a case study
is presented to demonstrate the liquid desiccant cycle configuration and simulation
capability of the SorpSim software.
The new modules for liquid desiccant systems has expanded the scope of SorpSim’s
simulation capability and make SorpSim a powerful yet convenient tool for performance
prediction and analysis of liquid desiccant systems and other hybrid systems. However,
there still remains work to be done to improve SorpSim as well as the liquid desiccant
modules. More validation for the modules is recommended if new experimental data with
complete set of parameters is available. The development of a similar effectiveness-NTU
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model for internally cooled/heated components is also suggested in order to make it
easier for the modules to converge. Psychometric chart can be embedded in SorpSim to
help users analyze air processing in desiccant systems as well.
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Appendix A

Tools used for SorpSim Development

The SorpSim software is extensively developed using the Qt/C++ framework. All the
graphical interface, functions and features are implemented within the Qt Creator in C++
language. Apart from using Qt’s graphical libraries, Qwt, a 3rd party plugin library for
plotting in Qt, and FABLE, a FORTRAN-C++ language conversion tool are used during
development of SorpSim as well.

Qt/C++ Framework
Qt is a comprehensive C++ application development framework for creating crossplatform graphical user interface (GUI) applications. It supports compilation of a single
source tree for applications that will run on Windows, Mac OS, Linux, and many other
versions of UNIX with X11. The Qt toolkit uses standard C++ while also offering
libraries and macros for graphic widget and GUI application development. From 2005,
programmers are allowed to create GNU Lesser General Public Licensed (LGPL)
free/open source applications using Qt that dynamically link to the Qt libraries. This
guarantees end users of applications developed on Qt-LGPL platform the freedom to use,
study, share (copy), and modify the software. Under this license, the SorpSim can be
distributed to any end users free of charge, and allow them to modify the code with Qt.
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The Qt Framework comes with extensive libraries containing classes for graphical
widgets and objects such as dialogs and push buttons with methods for a wide range of
operations. These libraries can be conveniently used for rapid development of even very
complex user graphical interfaces, and SorpSim’s multiple-dialog GUI along with much
of their functions and features are deeply linked with these libraries. Qt also provides the
library to parse and edit eXtensible Markup Language (XML) based files. The SorpSim’s
database to organize and store case data and information for parametric analysis is based
on XML file, thus this aspect of Qt’s capability was also exploited.

Finally, the cross-platform compilation feature of Qt makes it possible to develop on one
platform (in our case on Windows), and compile the same code set on another computer
platform (OS X for instance) to directly generate application for that platform. Only some
minor platform-specific adjustment were to be made to adapt to the interface pattern of
the new platform, and this “develop once, compile everywhere” feature greatly reduced
the effort required to make the SorpSim available on the most popular computer
platforms.

Qwt
The Qwt library (http://qwt.sf.net) contains GUI components and utility classes for
generating scientific and technical plots on the Qt platform. The Qwt is a 3rd party plugin
for Qt/C++ Framework, and it provides framework for 2D plots with data prepared in
arrays. The Qwt is extensively used in SorpSim’s parametric plot and property plot
function. The Qwt library and included programs are provided under the terms of the
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GNU LGPL license, thus software using it can be distributed free of charge if not
statically linked.

FABLE
Since the original source code of ABSIMW 5.0 that was provided to the SorpSim
development team was written in FORTRAN, it was crucial that the code was converted
into the same language that the GUI was developed. Fortunately such a tool had been
developed by Grosse-Kunstleve RW et al [51] in the Lawrence Berkeley Laboratory.
FABLE converts fixed-format FORTRAN sources to C++, and the generated C++ code is
designed to be human-readable and suitable for further development. With the help of
FABLE, the original source code of ABSIM scattered in 5 different FORTRAN files was
converted and organized into one package written in C++ language. With minor
adjustment of the converted code, the calculation engine along with the fluid and
component libraries was ready to be integrated into the SorpSim GUI application.
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Appendix B

Liquid Desiccant Modules Implemented in SorpSim

In this section a summary of graphical representations and related interfaces that allow
users to set parameters for the LDS components are listed. Also introduced is the function
to assist NTU number estimation.

Table A-1 Summary of LDS component module representations

Table A-1 shows the summary of LDS component representations in SorpSim. For
adiabatic type components there are 3 configurations, and for internally cooled/heated
components, as the flow patterns are more complex, 9 configurations in total are
implemented for both dehumidifiers and regenerators.
Figure A-1 and A-2 show the dialogs to set parameters for LDS component modules that
use finite difference model (FDM) and effectiveness-NTU model, respectively.
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Figure A-1 parameter setting dialog for LDS component using FDM
Figure A-1 shows the parametric setting dialog for LDS component using finite
difference model. Users can define the wetness level at the contacting surface, as well as
the NTU values for different heat and mass transfer process. Since there might be
heating/cooling input, the COP calculation is also an option. The iteration number for
finite difference model is available for users to control, and the Lewis number used in the
model is also accessible to users.
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Figure A-2 parameter setting dialog for LDS components using effectiveness model
Figure A-2 shows the parameter setting dialog for LDS components using effectivenessNTU model. Only an effectiveness number or an NTU number is needed from this type
of component.
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Figure A-3 NTU estimation dialog
Figure A-3 shows the NTU estimation dialog that helps users to acquire a reasonable
NTU number in case it is not available to users before simulation. The method it uses to
acquire the NTU number is in analogy to the NTU definition in the UA-LMTD
calculation for sensible heat exchangers. The analogy is shown in Figure A-4.
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Figure A-4 NTU estimation in analogy to UA-LMTD method
With existing experimental data providing the temperature, concentration, and humidity
ratio for inlet and outlet of both solution and air streams, the NTU number for the
component can be estimated. This function can also be used when users have a targeting
inlet/outlet condition, and want to start the simulation with an NTU that will lead to a
close result.

